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Introduction
Thyroid cancer (TC) is the most common endocrine malignancy with an increased incidence in recent years. 1 Papillary thyroid carcinoma (PTC) is the major histological subtype, accounting for 80-85% of all thyroid cancers. 2 PTC patients can be treated with surgical resection and thyroid stimulation hormone (TSH) suppression, resulting in a good prognosis for most patients. 3 However, some patients who are not sensitive to therapy tend to show recurrence or metastasis, leading to a poor prognosis. 3, 4 Therefore, it is essential to find alternative therapeutic strategies.
Long non-coding RNAs (lncRNAs) are transcripts of at least 200 nucleotides in length that do not contain anyprotein coding capacity. 5 Accumulating evidences suggest that lncRNAs participate in the development and/or progression of cancer in a variety of tumor types, including PTC, by regulating gene expression at the transcriptional, post-transcriptional and epigenetic levels. 6 Among them, lncRNAs have been shown to function as competitive endogenous RNAs (ceRNAs) to sponge miRNAs, thereby regulating the expression of target genes downstream. 7, 8 For example, ENS-653 was observed to be highly expressed in PTC tissue samples compared to adjacent normal tissues and was associated with larger tumor sizes and more advanced clinical stages. 9 In this study, we first evaluated the expression pattern of linc01278 in PTC tissues and cell lines, then examined the biological function of linc01278 in PTC cells. We determined that linc01278 can act as a ceRNA to sponge miR-376c-3p, thereby positively regulating the expression of DNM3 and ultimately acting as a tumor suppressor gene in PTC progression.
Materials and methods Tissue collection
Fresh surgical samples were collected from 56 patients diagnosed with PTC who underwent surgical resection at the Sun Yat-Sen Memorial Hospital between February 2017 and March 2018. The PTC tissues included 31 classic subtypes, 18 diffuse follicular subtypes, 4 diffuse sclerotic subtypes, and 3 high columnar cell subtypes. None of the patients had any malignant tumors or serious disearses other than PTC, and had not received radiotherapy or any other therapy before surgery. Participants provided written informed consent prior to the beginning of this experiment.
RNA extraction and qRT-PCR
Tissues and cellular RNA were isolated using Trizol reagent (Invitrogen, Carlsbad, CA, USA). RNA concentration and purity were determined using a NanoDrop 2000 (Thermo Scientific, Wilmington, DE, USA). cDNA was synthesized using the PrimeScript RT reagent kit (Takara, Tokyo, Japan). qRT-PCR was performed with a SYBR Premix Ex Taq™ kit (TaKaRa, Dalian, China). The relative expression of genes were normalized to GAPDH or U6, and measured with the 2 −ΔΔCt method.
Cell culture and transfection
Three human PTC cell lines (BCPAP, K1, and TPC1) and one normal human thyroid cell line (Nthy-ori3-1) were obtained from the Cell Resource Database of Chinese Academy of Sciences (Shanghai, China). Cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) (Thermo Fisher Scientific, Waltham, MA, USA) together with 100 U/mL penicillin, 100 mg/mL streptomycin and 10% fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO, USA) in 5% CO 2 at 37°C.
The full-length sequence of linc01278 and coding sequence (CDS) of DNM3 were cloned into pcDNA 3.1 plasmid vector (GenePharma, Shanghai, China), respectively, to aid in overexpression. Moreover, miR-376c-3p mimics and their negative controls (miR-NC) were synthesized from RiboBio (Guangzhou, China). LipofectamineTM 2000 reagent (Thermo Fisher Scientific, USA) was used to conduct the cell transfection assay in accordance with the manufacturer's instruction.
Cell proliferation assays
Cell proliferation was analyzed by CCK-8 and colony formation assays. Cells were cultured into 96-well plates at a ratio of 2×10 3 cells per well. After treatment for 0 h, 24 h, 48 h and 72 h, the culture medium was removed from each well and replaced with 100 μl of fresh medium containing 10 μl CCK8 solution (Beyotime Biotechnology, Shanghai, China), then incubated at 37°C for 2 h. The OD value was determined using a microplate reader at a wavelength of 450 nm. For the colony forming assay, treated cells were maintained in six-well plates and normally cultured. After two weeks, cells were fixed with methanol and stained with 0.1% crystal violet. Visible colonies were counted and images were obtained.
Flow cytometry analysis
In orded to analyze of apoptosis, cells were first cultured in non-serum medium and harvested after 48 h of treatment. Subsequently, the cells were resuspended to 1-5×10 6 /mL by Annexin V binding buffer, and double stained with V-FITC and propidium iodide (BD Biosciences, Franklin Lakes, NJ, USA). Finally, cell apoptosis was analyzed by flow cytometry.
Western blot
All tissues and cellular proteins were dissolved in RIPA buffer containing protease and phosphatase inhibitors (Roche, Basel, Switzerland) and quantified with a BCA Protein Assay Kit (Tiangen, Beijing, China). Equal proteins were separated by 10% SDS-PAGE gel, then transferred onto PVDF membranes. The membranes were incubated with 5% non-fat milk for 1 h at room temperature, then primary antibodies were added prior to further incubation at 4°C overnight. After being washed three times, the membranes were incubated with secondary antibodies at room temperature for 2 h and visualized using an enhanced chemiluminescence kit (Amersham, Little Chalfont, UK).
Transwell assays
We utilized transwell chambers with 8 μm pores. For the migration assays, 4×10 4 cells were seeded into the upper chamber with 200 μl of serum-free medium and the lower chamber was filled with medium containing 10% FBS. After incubation for 24 h, cells that did not pass the filter were erased, and migrated cells on the reverse side of the filter were fixed with methanol for 30 min, then stained with 0.01% crystal violet for 30 min. Images were obtained using light microscopy. The invasion assay followed the same protocol, except the upper chamber was coated with Matrigel.
Wound healing assays
Cells were cultured to the appropriate confluence in 6-well plates, then a wound was created using sterile plastic tips. After washing with PBS, cells were cultured for 24 h with serum-free medium. Images were taken using a microscope. An average of five random fields of each wound was measured for quantification.
Dual luciferase reporter assay
Fragments bound to miR-376c-3p in linc01278 and DNM3 3ʹ UTR were separately mutated using the QuikChange site-directed mutagenesis kit (Stratagene, Cedar Creek, TX, USA). The chemically synthesized wild-type and mutant linc01278 or DNM3 3ʹ UTR fragments containing the miR-376c-3p binding site were separately cloned into the psiCHECK2 vector. The psiCHECK2 recombinant plasmid and miR-376c-3p mimic or miR-NC were co-transfected into BCPAP cells using Lipofectamine 2000. 48 h after transfection, firefly and Renilla luciferase activities in cell lysates were determined by the Dual Luciferase Reporting Assay System (Promega Corporation). Relative luciferase activity was normalized with Renilla luciferase activity. 
Statistical analysis
Statistical analysis was performed as the mean ± SD using SPSS 22.0 (SPSS, IBM, Beijing, China) and GraphPad Prism 6 (GraphPad, San Diego, CA). The differences between groups were calculated using the Student's t-test or one-way ANOVA. P<0.05 was considered statistically significant. 
Results
Linc01278 demonstrates an abnormally low expression in PTC tissues and is associated with tumor burden of PTC Based on genetic information from 849 clinical samples, GEPIA analysis revealed that linc01278 expression in thyroid carcinoma (THCA) samples was significantly lower than in normal thyroid samples ( Figure 1A) . In order to investigate the role of linc01278 in PTC, we further measured the expression of linc01278 in 56 pairs of PTC tissues and adjacent normal tissues. The results were consistent with the GEPIA analysis, 10 indicating that linc01278 was remarkably down-regulated in PTC tissues compared to the adjacent normal tissues ( Figure 1B ). In addition, we found that lower linc01278 expression was associated with increased tumor size ( Figure 1C , P=0.0109), lymph node metastasis ( Figure 1D , P=0.0350) and higher clinical stage ( Figure 1E , P=0.0004). We reconfirmed the expression of linc01278 in PTC cell lines and obtained similar results ( Figure 1F ). Therefore, we hypothesize that low linc01278 expression levels are associated with more malignant phenotypes with increased proliferation and metastatic potential of PTC.
Linc01278 inhibits cell proliferation of PTC cells by inducing apoptosis
We next examined the roles of linc01278 in the proliferation of PTC cells. Considering the lower levels of linc01278 in TPC1 and BCPAP cells, we designed and performed function-gain assays in both cell lines. The overexpression efficiency in both cell lines was measured and illustrated ( Figure 2A ). CCK-8 assays showed that overexpression of linc01278 dramatically suppressed proliferation of TPC1 and BCPAP cells at 72 h after transfection compared to NC (P<0.01, Figure 2B ). Colony formation assays demonstrated that overexpression of linc01278 significantly reduced the number of colonies of TPC1 and BCPAP cells (P<0.01, Figure 2C ). These results suggested that linc01278 may regulate proliferation of PTC cells. Furthermore, we found that overexpression of linc01278 increased the rate of apoptosis of TPC1 and BCPAP cells (P<0.05, Figure 2D and E). And, Western blotting analysis revealed increased expression of Bax, cleaved caspase 3 and cleaved caspase 9, alongside decreased expression of Bcl2 in TPC1 and BCPAP cells transfected with pcDNA3.1-lin01278 ( Figure 2F and G). These findings indicated that linc01278 induced apoptosis of PTC cells. 
Linc01278 attenuates migration and invasion abilities of PTC cells by regulating the EMT process
Subsequently, we evaluated the effect of linc01278 overexpression on cell motility by transwell and wound healing assays. As shown in Figure 3A and C, the migrated number of TPC1 and BCPAP cells overexpressed by linc01278 was significantly lower than that of NC cells. Similarly, the invasion assay showed that overexpression of linc01278 resulted in fewer cells invading the membrane through Matrigel (Figure 3A Figure 3F-H) .
These results indicated that linc01278 was capable of mediating the EMT process in PTC cells. Linc01278 functions as a ceRNA by sponging miR-376c-3p
Next, we further analyzed whether linc01278 could function as a ceRNA to regulate specific gene expression. Using StarBase (http://starbase.sysu.edu.cn/), miR-376c-3p was predicted to directly interact with linc01278 ( Figure 4A ). Luciferase reporter assays performed in BCPAP cells also confirmed the direct interaction of miR-376c-3p with linc01278. The results showed that the luciferase activity of wild-type linc01278 (linc01278-WT) was reduced by transfection with the miR-376c-3p mimc, but the luciferase activity of the mutant linc01278 (linc01278-Mut) did not significantly change ( Figure 4B ). In addition, significant high expression of miR-376c-3p was also found in PTC tissues and cell lines ( Figures 4C and 5A ). An inverse relationship between linc01278 expression and miR-376c-3p expression in PTC tissues was also found by correlation analysis (Figure 4D ).
DNM3 is a target of miR-376c-3p in PTC
TargetScan (http://www.targetscan.org/vert_72/) also showed a putative binding site between miR-376c-3p and DNM3 ( Figure 5B) . The miR-376c-3p mimic significantly reduced the luciferase activity of wild-type DNM3 (DNM3-WT) ( Figure 5C ), and relatively low expression of DNM3 was measured in PTC tissues and cell lines ( Figures 5D and 6A) . Correlation analysis showed a negative correlation between DNM3 expression and miR-376c-3p expression, but a positive correlation with linc01278 expression ( Figure 5E and F) . In addition, miR-376c-3p mimic significantly reduced the protein expression of DNM3, but the results were reversed by co-transfection of pcDNA-linc01278 ( Figure 6B ). These results demonstrated that linc01278 positively regulated DNM3 expression by sponging miR-376c-3p in PTC.
The enhancement of miR-376c-3p on PTC cellular processes was attenuated by DNM3
Finally, we performed complementation experiments to determine the role of miR-376c-3p and DNM3 in PTC progression. Transfection of the miR-376c-3p mimic significantly reduced protein expression of DNM3, whereas transfection of DNM3 plasmid neutralized this effect ( Figure 7A ). CCK-8 assays and colony formation assays showed that the miR-376c-3p mimic significantly promoted proliferation of TPC1 and BCPAP cells, but overexpression of DNM3 attenuated this effect ( Figure 7B and C) . In addition, the miR-376c-3p mimic significantly inhibited apoptosis of TPC1 and BCPAP cells and regulated the expression of apoptosis-related proteins (Figure 8 ). This effect was also attenuated by overexpression of DNM3 (Figure 8 ). Furthermore, results of transwell assay revealed that DNM3 overexpression abolished the promotion of cell migration and invasion induced by the miR-376c-3p mimic ( Figure 9A and B) . Western blot analysis revealed that the promotion of EMT progression by the miR-376c-3p mimic was reversed by DNM3 overexpression ( Figure 9C -E).
Discussion
Many studies have shown that lncRNAs have a wide range of biological activities, particularly in cell growth, differentiation and tumorigenicity. 11 LncRNAs are naturally expressed in different cell types and can play an important role as either oncogenes or tumor suppressors, depending on the cellular context. Increases or decreases in lncRNA expression can result in various types of cancer, such as TC. In this study, we first discovered the expression pattern of linc01278 in PTC and its roles in the development of PTC. Linc01278 demonstrated an abnormally low expression in PTC tissues and cell lines and was associated with the tumor burden of PTC. In addition, linc01278 inhibited the proliferation of PTC cells by inducing apoptosis, and attenuated the migration and invasion abilities of PTC cells by regulating the EMT process. These results indicated that linc01278 had potential as a therapeutic target for PTC. The main challenges in the diagnosis and treatment of PTC are to identify patients with a high risk of radioactive iodine-refractory disease and to prevent over-treatment. 11 As a potential biomarker, lncRNA has great significance in understanding the process of PTC occurrence and development and improving the success rate of early diagnosis and treatment. Several lncRNAs (MALAT1, H19, BANCR, HOTAIR) have been identified as contributing factors to PTC development and can be used as novel biomarkers. [12] [13] [14] [15] In this study, we also found that linc01278 sponged miR-376c-3p to positively regulate DNM3 expression, and ultimately affected the biological function of PTC cells. MiR-376c-3p has recently been identified as a tumor-associated miRNA, which is highly expressed in hepatocellular carcinoma (HCC) tissues and cell lines, 16 but is downregulated in oral cancer, 17 head and neck squamous cell carcinoma (HNSCC), 18 relapsed breast cancer 19 and relapsed neuroblastoma. 20 Expression changes of miR-376c-3p affect cell biological behaviors such as proliferation, migration and invasion, and apoptosis of HCC, 16 gastric cancer 21 and oral squamous cell carcinoma cells (OSCC). 22 In the current study, miR-376c-3p was found to be significantly up-regulated in PTC tissues and cell lines, and its expression was negatively correlated with linc01278 expression. miR-376c-3p promoted cell proliferation, migration and invasion of PTC cells, and inhibited cell apoptosis. These results indicate that miR-376c-3p is a momentous tumor-associated miRNA, and its role in tumorsrequires further exploration. Currently, known target proteins of miR-376c-3p include ARID2, 16 HOXB7 22 and RUNX2. 23 In the current study, we found a novel target protein of miR-376c-3p, DNM3. Dual luciferase reporter experiments demonstrated the direct interaction between miR-376c-3p and DNM3. Overexpression of DNM3 abolished the effect of the miR-376c-3p mimic on cell proliferation, migration and invasion, apoptosis of PTC cells. In addition, DNM3 demonstrated significantly low expression in PTC tissues and cell lines. Its expression was negatively correlated with miR-376c-3p expression, but was positively correlated with linc01278 expression. DNM3 is highly methylated in cancer tissues, and its expression is also downregulated in HCC. Therefore, we believe DNM3 has potential as a tumor suppressor against HCC. [24] [25] [26] Additionally, DNM3 seems to be involved in the development of glioma, 27, 28 and there are a few studies regarding the role of DNM3 in other types of tumors. Our results indicated that DNM3 also functions as a tumor suppressor gene in PTC, which has a similar expression pattern to HCC.
Conclusion
In summary, we determined the expression patterns and roles of linc01278, miR-376c-3p, and DNM3 in PTC. These results help to better understand the pathogenesis and development of PTC and provide insight to develop better diagnosis and treatment strategies.
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